Abstract. Mobilization of calcium during the molt cycle from the cuticle to transient calcium deposits is widely spread in crustaceans. The dynamics of calcium transport to transient calcium deposits called gastroliths and to the cuticle over the course of the molt cycle were studied in the crayfish Cherax quadricarinatus. In this species, calcium was deposited in the gastroliths during premolt and transported back to the cuticle during postmolt, shown by digital X-ray radiograph analysis. The predominant mineral in the crayfish is amorphous calcium carbonate embedded in an organic matrix composed mainly of chitin. Scanning electron micrographs of the cuticle during premolt showed that the endocuticle and parts of the exocuticle were the source of most of the labile calcium, while the epicuticle did not undergo degradation and remained mineralized throughout the molt cycle. The gastroliths are made of concentric layers of amorphous calcium carbonate intercalated between chitinous lamella. Measurements of pH and calcium levels during gastrolith deposition showed that calcium concentrations in the gastroliths, stomach, and muscle were about the same (10 to 11 mmol l Ϫ1 ). On the other hand, pH varied greatly, from 8.7 Ϯ 0.15 in the gastrolith cavity through 7.6 Ϯ 0.2 in muscle to 6.9 Ϯ 0.5 in the stomach.
Introduction
In most crustaceans, the rigid exoskeleton-cuticlecontains much of the stored calcium (Wheatly and Ayers, 1995) . Produced by the underlying epidermal cells, the cuticle is composed of four layers (from outer to inner): epicuticle, exocuticle, endocuticle, and membranous layer (Travis and Friberg, 1963b; Raz et al., 2002) . The exocuticle and endocuticle, which make up most of the cuticle, comprise calcified matrixes of chitin and proteins, with the chitin-protein fibers stacked in layers of continuously changing orientation (Giraudguille, 1984; Roer and Dillaman, 1984) . The thin epicuticle, which is composed of protein, lipids, and calcium but no chitin, has a dense bilaminar organization, with a basal layer that is pervaded by mineral-filled canals normal to the surface. The membranous layer also contains chitin and proteins, but it is not calcified (Roer and Dillaman, 1984; Aiken and Waddy, 1992) . The main mineral found in the calcified layers of the cuticle is calcium carbonate (Greenaway, 1985; Wheatly and Ayers, 1995; Luquet and Marin, 2004) .
The growth process in crustaceans demands periodic shedding and replacement of the cuticle during ecdysis. In some crustaceans, molting and ecdysis can take place throughout the life cycle, whereas other species molt only until sexual maturity is reached (Hartnoll, 1982) . The principal source of the calcium required for building the cuticle is seawater, the natural habitat of most crustacean species. Calcium concentration in seawater is about 10 mmol l Ϫ1 (Greenaway, 1985) . In crustacean species living on land or in fresh water, where calcium availability is low-as in the case of our model organism the freshwater red claw crayfish Cherax quadricarinatus (von Martens)-calcium is obtained by reabsorbing it from the cuticle prior to shedding and storing it in transient calcium deposits (McWhinnie, 1962; Travis, 1963b; Willig and Keller, 1973; Ueno, 1980) .
In crayfish these deposits are a pair of disc-like structures known as gastroliths, located on both sides of the stomach wall (Travis, 1960 (Travis, , 1963a Travis and Friberg, 1963a) . Gastroliths are also found in other decapods such as lobsters and some land crabs (Luquet and Marin, 2004) . Gastroliths are formed in a cavity between the columnar epithelium of the gastrolith disc and the cardiac stomach wall. The main functions of the epithelium are the transport of hemolymph calcium to the gastrolith and the synthesis of the gastrolith organic matrix (Ueno, 1980) .
The crustacean molt cycle is made up of the following stages: premolt, molt (ecdysis), postmolt, and intermolt; the last is the longest stage (Drach and Tchernigovtzeff, 1967) , during which most of the calcium is stored in the cuticle. As the animal approaches premolt, the exoskeleton undergoes partial degradation, with the calcium ions being dissolved out of the mineralized matrix and transferred through the integumentary epithelium to the hemolymph (Ahearn et al., 2004) . The calcium ions are taken up from the hemolymph to form the gastroliths. During ecdysis, the gastroliths collapse into the stomach, where they are digested. After ecdysis, rapid remineralization of the cuticle during the postmolt stage relies on the calcium digested from the gastroliths together with exogenous calcium absorbed from the surrounding water. This massive calcium accumulation is illustrated in reports of crustaceans that double their cuticle calcium content as early as 12 h after ecdysis (Greenaway, 1985) . Calcium originating from the gastrolith provides an immediate endogenous source for the calcification of essential body parts such as mouthparts and walking legs (Willig and Keller, 1973; Aiken and Waddy, 1992; Wheatly and Ayers, 1995) .
In many crustaceans this cyclic metabolism of calcium from the exoskeleton to the temporary storage deposits and back is made possible by calcium carbonate polymorphism. In most crustacean species, exoskeleton calcium carbonate exists in two polymorphs, mainly the stable crystalline form, calcite (Yano, 1975; Pratoomchat et al., 2002; Luquet and Marin, 2004) , and some of the less stable form, amorphous calcium carbonate (ACC) (Greenaway, 1985; Addadi et al., 2003; Sugawara et al., 2006) . Early reports claimed that gastrolith calcium carbonate occurs either as calcite (Travis, 1963b; Ueno, 1980) or in a poorly crystalline state (Travis, 1963c) . However, more recent studies suggest that ACC is the major form in most temporary calcium carbonate deposits, such as the gastroliths (Addadi et al., 2003) . The stabilization of the otherwise unstable amorphous form probably requires unique conditions and the mediation of specialized macromolecules. The means of stabilizing ACC in crustaceans have yet to be elucidated. Several mechanisms for Ca 2ϩ and H ϩ transport across the epithelium of transient calcium deposits in crustaceans have been proposed (Ziegler et al., 2005) . Studies of corals suggest that the precipitation of calcium carbonate may be controlled by an upward shift in pH at the calcification site (Al-Horani et al., 2003) .
Since calcium accumulation in the gastroliths is intimately connected to the molt cycle, the size of the gastroliths may be used as a premolt indicator (Pavey and Fielder, 1990) , complementing the classical molt-staging method of Drach and Tchernigovtzeff (1967) . To follow these changes occurring in the gastroliths, a noninvasive X-ray radiography technique was applied in several studies (McWhinnie, 1962; Rao et al., 1977; Nakatsuji et al., 2000; Shechter et al., 2007) . That technique was applied in this study, together with Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM), to follow the dynamics of biomineralization through the molt cycle during calcification and decalcification of the two calcium carbonate deposition sites-the multi-layered cuticle and the gastrolith-of C. quadricarinatus.
Material and Methods

Animals
Cherax quadricarinatus males were grown in and collected from artificial ponds at Ben-Gurion University of the Negev, Beer-Sheva, Israel. Food comprising shrimp pellets (Rangen Inc., Buhl, ID, USA, 30% protein) and wheat grain was supplied ad libitum three times a week. Temperature was kept at 27 Ϯ 2°C, and a photoperiod of 14 h light and 10 h dark was applied. Water quality was assured by circulating the entire volume of water through a bio-filter. The pH of the water was 8.3 Ϯ 0.5, the nitrite concentration was less than 0.1 mg l Ϫ1 , the nitrate concentration was less than 50 mg/l, ammonium levels were negligible, and oxygen levels exceeded 5 mg l
Ϫ1
. Animals were anesthetized in ice-cold water prior to dissection.
Endocrine induction of the molt cycle
Endocrine induction of the molt cycle by removal of the X-organ-sinus gland (XO-SG) (Shechter et al., 2005) was performed exclusively in intermolt male crayfish that had no apparent gastroliths when observed using digital X-ray imaging. The XO-SG complex was removed by bilateral excision of the eyestalk with a surgical blade. Following the surgery, crayfish were held in individual cages for up to 19 days.
X-ray imaging and molt staging
Changes in mineralization during the molt cycle were monitored daily by digital X-ray radiography (Instrument Imaging, Focus model). Radiography conditions (60 kV, exposure time 0.05 s) were calibrated to avoid overexposure or underexposure. Images were acquired with a digital sensor (Schick technologies) USB CDR size 2. The molt stages of each crayfish were determined in terms of gastrolith growth according to the molt mineralization index (MMI). For each animal, the MMI is defined as the ratio of the gastrolith width (as observed in the X-ray imaging) to the carapace length. To calculate the gastrolith width, a round metal disc with a diameter of 10 mm was used for size calibration. Crayfish were classified as follows: interolt-MMI of 0, signifying the complete absence of gastroliths; premolt-MMI of up to 0.14; postmolt-after ecdysis, apparent gastroliths in the stomach.
Digital X-ray radiographs analysis
Digital images were converted from 24-bit color into 8-bit, 256-greyscale format in MATLAB (The MathWorks, Inc.) and presented as three-dimensional maps in which X-ray opaque regions are brighter and higher and X-ray transparent regions are darker and lower. For each radiograph, the intensities of both the gastrolith and the cuticle that surrounds it were determined. The relative changes in mineral contents for each animal's organs were plotted as normalized intensity (I/I max ), where I max is the maximum absorption observed for each organ of the individual. Gastrolith I max was always measured on the day of ecdysis; cuticle I max was determined on the first or second day of the premolt stage. "Relative gastrolith build-up time" (T GB ) was calculated by normalizing the time required for each animal to reach ecdysis, multiplied by 10. Similarly, the "relative gastrolith degradation time" (T GD ) was normalized for each individual, multiplied by 2.3, and added to the buildup scale, starting at 11. The ratio 10:2.3 represents the average ratio of the durations of gastrolith buildup and degradation (gastrolith buildup lasted an average of 15.45 days from induction to ecdysis, and gastrolith dissolution continued an average of 3.55 days after ecdysis).
Fourier transform infrared spectroscopy
FTIR spectroscopic analysis of the cuticle and gastrolith were performed on a Bruker (Fourier transform spectrometer) equipped with a DTGS detector. Samples were prepared by carefully removing cell debris and external organic layers by light mechanical scraping under excess running water. All samples were ground into powder in an agate mortar with a pestle. Samples with high organic content were immersed in liquid nitrogen during grinding to increase their brittleness. Clean samples were prepared in KBr pellets for spectroscopy. The work of Ajikumar et al. (2005) served as our reference, to which our FTIR findings were compared.
Scanning electron microscope
Mineralized cuticle and gastrolith samples were prepared for SEM inspection by rinsing in water and drying in air. Dry samples were dipped in liquid N 2 and broken. Broken sections were inspected after gold sputtering by an SEM FEI Quanta 200 scanning electron microscope at an acceleration voltage of 10 -15 kV.
Histological gastrolith preparation
The gastrolith epithelial disc was surgically removed from intermolt crayfish 3 days after endocrine induction. Tissue samples were fixed in modified Carnoy II for 48 h and dehydrated gradually in an alcohol series. Tissues were cleared and embedded in Paraplast (Kendall, MA, USA) according to conventional procedures. Sections of 5 m were cut and mounted on silane-coated slides (MenzelGläser, Braunschweig, Germany) and stained with hematoxylin and eosin.
In vitro measurements at the gastrolith mineralization site
Ca 2ϩ and pH were determined with ion-specific microelectrodes that we built for our experiments. The potential difference between the reference electrode (a calomel reference electrode, Radiometer 401, Denmark) and the ionspecific microelectrode was measured with a high-impedance mV meter (Mascom, Germany). The data were collected with an AD card (National Instruments) and saved on a personal computer. Using this system, we measured ion activities rather than concentration. For measurement of Ca 2ϩ activity, a Fluka 21193 calcium II ionophore (Tsien and Rink, 1980; Anker et al., 1981) was used. The tip diameter was 1-10 m, and the detection limit was 0.1 mol l Ϫ1 in fresh water (Ammann, 1986) . The Ca 2ϩ microelectrode was calibrated in Ca 2ϩ buffer solutions (1 and 10 mmol l Ϫ1 ) with added background ions (basically similar to seawater with a practical salinity of about S ϭ 17) to match the ionic composition of the organism's hemolymph. For measurements of H ϩ concentrations, the microelectrode was based on an ionophore III liquid ion-exchange membrane (Fluka 60591) with a measuring range of pH 3-11 (de Beer et al., 1997) , commonly used for physiological studies (Boudreau and Jorgensen, 2001 ). The tip diameter of the microelectrode was 1-10 m and the response time was fast. The lifetime of these sensors was typically 1 to 2 days. The pH microelectrode was calibrated in pH buffer solutions (Mettler Toledo, pH 4.01, 7.0, and 9.21) at a room temperature of 25°C.
Before the measurements were made, the gastroliths were surgically exposed. During the measurements, the crayfish was held in water to keep it alive. By means of micromanipulators, the pH and calcium microelectrodes were inserted into the cavity between the gastrolith disc epithelium and the cardiac stomach wall in a direction tangential to the gastrolith surface. Reference measurements were taken in a muscle and in the stomach cavity. Multiple pH and [Ca 2ϩ ] measurements were taken simultaneously from each individual at each location. Measurement duration for all five animals was 0.5 to 3 min.
Results
Changes in cuticle and gastrolith mineralization during the molt cycle are presented in Figure 1 as the intensities calculated from digital X-ray radiographs. The measured intensities are normalized with respect to the maximum absorbed intensity for each individual.
The initial increase in gastrolith intensity was observed at a relative gastrolith build-up time of 2 (T GB ϭ 2) and continued at an approximately linear rate to peak at ecdysis (Fig. 1A) . Concurrently, the density of the cuticle remained almost constant during most of the premolt stage, but as ecdysis approached, a sharp decrease in cuticle density was detected at T GB ϭ 8. During the postmolt stage, at a relative gastrolith digestion time of 11 (T GD ϭ 11), the gastrolith rapidly degraded in the stomach, resulting in a sharp decrease in gastrolith intensity, and a corresponding increase in intensity was detected in the cuticle. Figure 1B depicts digitized, intensity-based projections of gastrolith X-ray radiographs during five distinct molt stages. At T GB ϭ 0, prior to induction, no sign of calcification was evident. At a T GB of 5.8 after induction, during premolt, small gastroliths could be observed. At T GB ϭ 9.2, the gastroliths attained their maximum, pre-ecdysis size. At T GD ϭ 11.8, immediately after ecdysis during postmolt, the gastroliths had already collapsed into the stomach and their digestion was under way, but the X-ray absorption images still show full-size gastroliths At T GD ϭ13.3, however, when gastrolith digestion was complete, gastroliths are no longer visible in the X-ray radiographs. Figure 1B reflects the changes in cuticle absorption depicted in Figure 1A . Prior to molt induction (day Ϫ12), during the intermolt stage, the cuticle appeared to be smooth. As the premolt progressed, the texture of the cuticle became rougher. On day Ϫ1, numerous valleys were visible, representing changes in cuticle density levels that are also apparent in the decreased integrated density levels in Figure 1A . At day ϩ3, during postmolt, the nearly constant cuticle density level was similar to that of day Ϫ12, prior to molt induction during intermolt.
Changes in the relative mineral contents in the cuticle and gastroliths during the molt cycle stages were followed with FTIR (Fig. 2) . The unique absorption spectrum of ACC is characterized by a peak at 866 cm Ϫ1 (out-of-plane stretching), a split asymmetric peak at 1420 -1474 cm Ϫ1 , and a strong broad asymmetric peak at 1080 cm Ϫ1 (solid lines, Fig. 2 ). Chitin is characterized by a distinct peak at 1650 cm Ϫ1 (Addadi et al., 2003) . Analyses of the FTIR spectra of the mineralized cuticle during intermolt and premolt and of the exuvia (Fig. 2A) reveal the peaks characteristic of ACC and the characteristic chitin peak (Fig. 2A) . In contrast, the FTIR spectrum of the cuticle during the postmolt stage demonstrates an absence of mineral, and only the characteristics of chitin are apparent (Fig. 2A) .
The FTIR spectra of the calcified premolt gastrolith (Fig.  2B) shows the characteristic ACC peaks at 866 cm Ϫ1 , 1420 -1474 cm
Ϫ1
, and 1070 cm Ϫ1 , as well as a shoulder at 1650 cm Ϫ1 , indicating the presence of chitin. A very small peak at 713 cm Ϫ1 is visible at premolt gastrolith, indicating the presence of residual amounts of calcite. In contrast, the spectrum of the noncalcified intermolt gastrolith shows a sharp peak at 1650 cm Ϫ1 , indicating the presence of chitin, but no peaks characteristic of ACC are evident (Fig. 2B) .
SEM micrographs of cuticle cross sections at the intermolt and premolt stages and of the exuvia demonstrate the extent of cuticle degradation during the molt cycle (Fig.  3A) . SEM images of the intermolt cuticle reveal the epicuticle to be densely mineralized without clear compartmental divisions, forming a relatively impermeable protective layer throughout the molt cycle. The exocuticle was composed of densely packed blocky deposits of chitin and mineral. The endocuticle was composed of chitin "galleries" interconnected with transverse chitin filaments. The voids in the chitin galleries were filled in part with blocky mineral deposits. The innermost layer is the membranous layer, which is made of unmineralized, loosely arranged fibers of chitin. Mineralization of the intermolt endocuticle was not continuous-variations in calcification were observed in different regions. Alternate regions of the endocuticle, 20 -30 m in scale in the lateral dimension and spanning most of the endocuticle thickness, remain mostly unmineralized. A higher magnification micrograph shows dense calcification in the interconnected laminated organic matrix (Fig. 3B) .
During the premolt stage, the endocuticle and parts of the exocuticle were gradually degraded, a process that was initiated in the less mineralized segments of the cuticle. SEM examination showed that the degrading endocuticle mineral appeared to be washed-out, and the mineral blocky units (Fig. 3A, left arrow) and the chitinous regions were partially dissolved (Fig. 3A, right arrow) . The higher magnification micrograph shows massive degradation of the mineral and the organic matrix during premolt (Fig. 3B , premolt and exuvia), whereas degradation was hardly observed during intermolt (Fig. 3B, intermolt) .
Demineralization and degradation of the chitin matrix did not progress equally in all the cuticle regions: in some places, the matrix remained almost fully mineralized, with nondegraded zones being adjacent to degraded zones, the latter spanning roughly 20 m. As the molt cycle progressed, voluminous caverns devoid of both the mineral and I/I max represents a calculated ratio of each animal's X-ray absorption during the different molt stages, normalized to the maximum absorption observed for each organ. Left: relative gastrolith build-up time (T GB ) was calculated for the periods between endocrine induction and ecdysis. Right: relative gastrolith digestion time (T GD ) was calculated from ecdysis to the total digestion of the gastrolith. Data were normalized according to the total number of days required for each individual. (B) Three-dimensional X-ray opacity patterns of the gastrolith in a representative individual during five distinct stages of the molt cycle. The images were taken at days Ϫ12,Ϫ5,Ϫ1, ϩ1, and ϩ3 from ecdysis, with the corresponding relative times indicated on top (black arrows). The x and y axes indicate the projection of the gastrolith onto the imaging plane; the z axis is the X-ray opacity level.
the organic matrix framework were formed (Fig. 3A in  exuvia) . The molt cycle culminates in ecdysis, during which the exuvia, comprising the remains of the mineralized organic matrix, is discarded. Remarkably, in the exuvia, the epicuticle remained fully mineralized. Massive decalcification was revealed in the endocuticle and parts of the exocuticle (Fig. 3A) .
Gastrolith ultrastructure was characterized by alternating layers of organic matrix and mineral. The SEM micrographs of the gastrolith during early premolt (Fig. 4A-D) show the onset of mineralization and the initiation of layering. The surface of the top layer shows mineral-free chitin threads interspersed sporadically with ACC spherules 40 to 50 nm in size (Fig. 4A) . Figure 4B reveals a more developed structure comprising a layer of chitinous threads covering a layer of dense ACC spherules. We suspect that the embossed circular patterns on the gastrolith's external layer (Fig. 4C ) represent epithelial cell outlines forming tissue together with chitinous threads and sporadically distributed ACC spherules. Figure 4D presents an area of the lightly mineralized gastrolith showing the compact, mostly nonmineralized structure of the matrix and the interconnected chitinous threads.
SEM micrographs of a premolt mineralized gastrolith are presented in Figure 4E -H. The fractured gastrolith layer (outer surface and the cross section) shown in Figure 4E exhibits the same embossed patterns evident in Figure 4C . Figure 4F reveals a layer of organic material separating several dense layers, some of which show tightly packed ACC spherules. A cross section of an area of ACC layers of different densities is shown (Fig. 4G) . At lower magnification (Fig. 4H) , the gastrolith has a steplike fractured appearance. Figure 4I is a light micrograph of a pair of late premolt gastroliths taken from the same animal. The gastrolith on the left was demineralized, leaving only the organic matrix, whereas that on the right is intact. The figure clearly shows that the demineralized organic matrix retains its integrity and its original shape, which is identical to that of the intact gastrolith. SEM micrographs of a fractured surface (Fig. 4J) and a cross section (Fig. 4K ) of a gastrolith in the late premolt stage reveal onionlike structures of concentric mineral layers separated by lower density layers that probably contain more organic material.
Histological sections of a gastrolith disc during early premolt (Fig. 5A-D) show that the disc comprises the stomach wall, an outer layer of columnar epithelium disc, and the cavity between them where the gastrolith is formed. At low magnification, the gastrolith disc shows the stomach cavity and the initial arrangement of the chitin in the newly formed gastrolith (Fig. 5A) . At the junction between the stomach wall and the outer epithelial layer, two types of surface epithelial tissues are observed-an inner layer composed of squamous epithelium that covers the stomach wall and the outer layer comprising columnar epithelium (Fig.  5B) . At a higher magnification, it may be seen that the outer epithelium layer comprises a single layer of columnar invaginating cells branching at their apical portions (Fig. 5C ). The thin, chitinous layer forming the early gastrolith is observed at high magnification in Figure 5D .
In situ pH and [Ca 2ϩ ] were measured in three areas near the gastrolith disc (see Fig. 5A-D) ; the gastrolith cavity (between the stomach wall and the epithelial disc), the stomach, and adjacent muscle; values are reported in Figure 5E . No significant changes in calcium concentration were observed at the three measurement sites, with calcium concentrations ranging . On the other hand, pH levels were markedly different at each of the measurement sites, with gastrolith levels ranging from 8.5 to 8.8, muscle levels from 7.5 to 7.9 and stomach levels from 6.6 to 7.4.
Discussion
In this study we followed the inverse dynamics of cuticle and gastrolith calcification during the Cherax quadricari- natus molt cycle by using changes in their respective densities as observed in X-ray digital radiographs. The changes in density accurately reflect the relative mineral content in each calcification site and, therefore, provide an accurate tool for assessing the calcification state in the living animal. The rapid accumulation of mineral in the gastrolith during premolt is manifested by a simultaneous increase in gastrolith density and a decrease in cuticle density prior to ecdysis. These two processes represent the reabsorption of calcium from the degraded cuticle and its deposition in the gastrolith.
Changes in mineral content of the calcification sites represent only relatively small fractions of the crayfish's entire dynamic store of calcium. In fact, the relatively minor decrease in cuticle mineral content during premolt does not reflect the maximum crayfish potential for calcium reabsorption, which can account for up to 50% of the body's total calcium content (Wheatly and Ayers, 1995) . And although the gastrolith shows dramatic changes in mineral content during premolt, those changes correspond to only about 10% of the body's total calcium content (Aiken and Waddy, 1992) . The remaining greater part of the calcium is excreted through the gills or lost in the exuvia (Wheatly and Gannon, 1995) .
Because most of the reabsorbed calcium is excreted and not stored, premolt reabsorption must serve primarily to weaken the cuticle in preparation for shedding (Wheatly and Gannon, 1995) . The differences between the density changes at the two calcification sites and their relative contributions to the body's total calcium content result from the size differences of the two sites. During postmolt, rapid digestion of the gastrolith in the stomach takes place concurrently with the calcification of the new, hardening cuticle. However, the changes in cuticle density cannot be explained by the supply of calcium from the gastrolith alone, since the latter provides a mere 4%-15% of the total needed for cuticle calcification (Wheatly and Gannon, 1995) . The remaining calcium required to complete calcification must be supplied exogenously, mostly by branchial uptake (Wheatly, 1999) .
Cuticle mineral content has been studied in many crustacean species, in all of which calcium carbonate constitutes the main calcification mineral (Greenaway, 1985; Wheatly and Ayers, 1995; Luquet and Marin, 2004) . Various studies identified the polymorphic form of calcium carbonate in the cuticles of different crustacean species as crystalline calcite (Stevenson, 1985; Lowenstam and Weiner, 1989; Pratoomchat et al., 2002) , as amorphous calcium carbonate (ACC) (Levi-Kalisman et al., 2002) , or as a coexistence of the two (Aiken and Waddy, 1992; Becker et al., 2005; Sugawara et al., 2006) . Studies of the crab Callinectes sapidus (Dillaman et al., 2005) and of the giant prawn Macrobrachium rosenbergii (Soejoko and Tjia, 2003) along with several reports on species other than crustaceans postulated that the amorphous form may serve as the precursor of the crystalline form (Aizenberg et al., 1996) . Our findings suggest that stable ACC is the principal form of calcium carbonate in the cuticle of C. quadricarinatus. These results were confirmed with Raman spectroscopy (data not shown).
Although earlier reports suggested that the predominant mineral polymorph of the gastrolith is calcite (Ueno, 1980) , our findings concur with reports that ACC is the main polymorph (Travis, 1963c) . ACC was also reported as the main polymorph for transient calcium deposits in other crustacean species Becker et al., 2003) . The observation that ACC is the main polymorph in both the gastroliths and the cuticle may be related to its higher solubility, which enables the rapid dissolution necessary for the mobilization of calcium during the periodic molt cycle.
SEM images of C. quadricarinatus cuticles during intermolt and premolt and of the exuvia show four distinct cuticular layers. The calcification of the cuticle during postmolt (except for the exuvia) was not examined in this study. The mineralized horizontal helical arrangement of chitin in the exoskeleton during intermolt is similar to that in a number of crustacean species (Arsenault et al., 1984; Roer and Dillaman, 1984; Becker et al., 2003) . However, the vertical cytoplasmic extensions of the epidermal layer previously described in lobsters (Arsenault et al., 1984) were not detected in our SEM images of the cuticle. As was found in the crab Callinectes sapidus (Roer and Dillaman, 1984) and other crayfish species such as Orconectes virilis (Travis, 1965; Lowenstam and Weiner, 1989) , the endocuticle in C. quadricarinatus seems to be the thickest of the four layers. In C. quadricarinatus, the endocuticle undergoes massive degradation of the mineral and organic material (as can be observed in the premolt and exuvia samples), with the epicuticle remaining calcified with no apparent changes and the exocuticle undergoing partial degradation.
Most of the studies performed on gastroliths in the last 25 years have focused on the gastrolith disc epithelium and its unique mechanism for calcium transport (Ueno, 1980; Ueno and Mizuhira, 1983, 1984; Ueno et al., 1992) . To the best of our knowledge, SEM images have never been recorded during gastrolith calcification, and therefore, our study is comparable only with the transmission electron micrographs and light micrographs of Travis in the crayfish Orconectes virilis Hagen (Travis, 1960 (Travis, , 1963c Travis and Friberg, 1963a) . In her work, Travis describes the gastroliths as a calcified layer containing particles of 30 to 70 nm in size that lack well-defined shapes and are embedded in a loose, fibrous meshwork. Travis was the first to suggest that the calcium carbonate is stored in the gastrolith in a poorly crystalline state and not as calcite. The findings of Travis coincide with our SEM images of the early premolt, lightly mineralized gastrolith, where such fibers and sporadic ACC spherules ranging in size from 40 to 60 nm are evident (as seen in Fig. 4E ). The description of the lamellae and crystals of the "old and thick portion of the gastrolith" reported by Travis resemble the lamellar section of the gastrolith as observed in our study in the early premolt (at the onset of mineralization) and late premolt gastroliths ( Fig. 4H and J) .
Little is known about the conditions needed for the precipitation of the mineral in the gastrolith or in any other transient calcium deposits in crustaceans. Therefore, they are assumed to be similar to the widely investigated conditions required for cuticular calcification in decapod crustaceans. One assumption is that mineral deposition is mediated by electrical action between quinine-protein complexes and the calcifying regions in response to the generation of a pH gradient (Digby, 1964; Aiken and Waddy, 1992) . It is also believed that carbonic anhydrase is the key regulator of pH at the site of calcification (Aiken and Waddy, 1992) , although epithelial proton ATPases may also contribute to pH (Zare and Greenaway, 1998) . The importance of pH in mineral dissolution or calcification was demonstrated in the cuticle of the crab Callinectes sapidus, where a slight decrease in pH resulted in the dissolution of salts from the carapace into their ionic components. On the other hand, a slight increase in pH resulted in the formation of calcium carbonate on the inner face of the cuticle (Cameron, 1985) . Calcium carbonate exchange between the cuticle and the hemolymph to facilitate carbonate availability is also influenced by pH (Cameron, 1985) . In our study, the higher pH measured in the gastrolith pouch vis-à-vis the other sites tested may be an essential factor for the formation of calcium carbonate (Addadi et al., 2003) . Addadi and her coworkers (2003) suggested that OH Ϫ ions actively participate in the stabilization of the amorphous phase. Nevertheless, the common view is that the formation and stabilization of the amorphous calcium carbonate requires other factors, probably macromolecules such as specialized proteins (Aizenberg et al., 2002) or ions such as magnesium (Aizenberg et al., 2002) , both acting as crystallization inhibitors.
In our study, calcium measurements in all tested sites indicated that the concentration remained constant at an average level of approximately 10 mmol l Ϫ1 , similar to the hemolymph levels reported in the literature (Wheatly and Gannon, 1995) . Although C. quadricarinatus is a freshwater crayfish, the measured calcium concentration of 10 mmol l Ϫ1 is similar to that found in seawater (Greenaway, 1985) . One can assume that the massive calcium mobilization transferred through the hemolymph during premolt (Greenaway, 1985) results in a dramatic increase in hemolymph Ca ϩ2 concentration, as observed in terrestrial isopods (Ziegler et al., 2000) . However, the maintenance of a constant Ca ϩ2 levels should be investigated further in light of reports of sharp increases in the levels of protein-bound calcium in crayfish hemolymph during premolt (McWhinnie, 1962; McWhinnie et al., 1969) .
Using our model organism of a decapod crustacean, further research on the mechanisms and conditions of calcium carbonate precipitation in temporary deposits, together with the identification of the elements stabilizing ACC, is needed for a deeper understanding of this complex process.
